Plants respond and adapt to drought stress in order to survive under stress conditions. Several genes that respond to drought at the transcriptional level have been described, but there are few reports on genes involved in the recovery from dehydration. Analysis of rehydration-inducible genes should help not only to understand the molecular mechanisms of stress responses in higher plants, but also to improve the stress tolerance of crops by gene manipulation. We used a full-length cDNA microarray containing ca. 7000 Arabidopsis full-length cDNAs and identified 152 rehydration-inducible genes. Venn diagram analysis showed relationship of the rehydration-inducible genes to proline-inducible and water-treatment-inducible genes. Among the 152 rehydration-inducible genes, 58 genes contained the ACTCAT sequence involved in proline-and hypoosmolarity-inducible gene expression in their promoter regions, suggesting that ACTCAT sequence is a major cis-acting element involved in rehydration-inducible gene expression, and that some novel cis-acting elements are involved in rehydration-inducible gene expression. Functional analysis of rehydration-inducible and rehydration-repressed genes revealed their functions not only in the release from a stressed status but also in the recovery of growth in plants.
Introduction
Plant growth is greatly affected by environmental abiotic stresses, such as drought, high salinity, and low temperature. Therefore, plants have various response and defense systems in order to survive. The abiotic stresses induce various biochemical and physiologic responses in plants.
The mechanisms of the molecular response to water stress in higher plants have been analyzed by studying a number of genes responding to drought, high salinity, and cold stresses at the transcriptional level (Bray, 1997; to improve the stress tolerance of plants by gene manipulation. Hundreds of genes are thought to be involved in abiotic stress responses. Drought stress-inducible genes have been cloned, and their functions have been analyzed. Analysis of genes involved in the recovery from drought stress, as well as of drought-stress-inducible genes, is important not only to understand the molecular responses to abiotic stresses but also to improve the stress tolerance of crops by gene manipulation. Several physiologic studies on the recovery from drought stress have been reported (Bernacchia et al., 1996; Kranner et al., 2002; Navari-Izzo et al., 2000) . However, other than the study on the ProDH (proline dehydrogenase) gene (Kiyosue et al., 1996) , a gene encoding a key enzyme involved in proline degradation, there have been few reports on the expression of genes involved in the recovery from drought stress.
Recently, microarray technology has become a useful tool for the analysis of genome-scale gene expression (Eisen and Brown, 1999; Schena et al., 1995) . cDNA sequences arrayed on a glass slide, at a density of up to 1000 genes cm
À2
, are hybridized simultaneously to a twocolor fluorescently labeled cDNA probe pair prepared from RNA samples of different cell or tissue types, allowing direct and large-scale comparative analysis of gene expression. This technology, which uses expressed sequence tags (ESTs), was first demonstrated by analyzing 48 Arabidopsis genes for differential expression in roots and shoots (Schena et al., 1995) . Reymond et al. (2000) analyzed the gene expression in response to mechanical wounding and insect feeding. Defense-signaling pathways have been analyzed using fungal pathogen and signaling molecules (Schenk et al., 2000) .
Previously, we prepared an Arabidopsis full-length cDNA microarray using ca. 1300 full-length cDNAs and applied it to identify drought-or cold-inducible genes and target genes of DREB1A/CBF3, a transcription factor controlling stress-inducible gene expression (Seki et al., 2001a) . Our previous results showed that the full-length cDNA microarray is useful in analyzing the expression pattern of Arabidopsis genes under drought and cold stresses, and in identifying target genes of stress-related transcription factors and potential cis-acting DNA elements by combining the expression data with the genomic sequence data. Recently, we prepared a new full-length cDNA microarray containing ca. 7000 independent full-length cDNA groups and applied it to identify new drought-, cold-, high-salinity-stress-or ABA-inducible genes (Seki et al., 2002b,c) . In the present study, we applied the cDNA microarray to identify genes that are induced during the rehydration process after dehydration stress treatment, and analyzed the expression profiles of gene expression in the recovery from drought stress. We also examined differences in expression profiles between the recovery process from drought stress and drought stress response. This is the report on the systematic analysis of the expression profiles in the recovery from drought stress using microarrray technology. We also discuss the functions of the rehydration-inducible genes in stress response and tolerance.
Results

Dehydration and rehydration treatments of Arabidopsis plants and physiologic changes during the treatment
We used Arabidopsis plants grown on agar plates, which enabled us to control dehydration conditions easily. Humidity was 50-60% for dehydration treatment of Arabidopsis plants. Plants began to wilt 30 min after the lid of the plastic dish was opened. Two hours later, the stems appeared wilted and the dehydrated leaves and stems were curled ( Figure 1b ). Fresh weight of 2-h-dehydrated plants decreased to 52 AE 5% of that of untreated plants ( Figure 1 ). Fresh weight of 5-h-dehydrated plants decreased to 29 AE 7% of that of untreated plants. For rehydration treatment, we simply added distilled water to the agar plate for the dehydrated plants to absorb. After a 2-h dehydration treatment, the plants wilted (Figure 1 ) and the expression level of the drought-inducible genes, RD29A and AtP5CS, was increased ( Figure 2 ). Water uptake occurred shortly after the start of rehydration treatments. Fresh weight of 2-h-dehydrated plants returned to normal after 30 min to 1 h of the rehydration treatment. After a 24-h rehydration treatment, plants seemed to have recovered completely (Figure 1c ).
We prepared both 2-and 5-h-dehydrated plants, but mainly used 2-h-dehydrated plants for systematic analysis of gene expression because it was difficult to free the plant samples clinging to the plastic dishes after a 5-h dehydration treatment.
Strategy for cDNA microarray analysis
The cDNA microarrays were hybridized with Cy3 and Cy5 fluorescently labeled probe pairs of drought-treated plants plus unstressed plants for studying the expression profiles during the dehydration process, and with probe pairs of rehydrated plants after a 2-h dehydration treatment plus 2-h-dehydrated plants for studying the profiles during rehydration process, as described in Experimental procedures. Hybridized microarrays were scanned by two separate laser channels for Cy3 and Cy5 emissions from each DNA element. The ratio of the two fluorescent signal intensities for each DNA element was then measured as a relative measure to determine changes in the differential expression of genes represented by cDNA spots on the microarrays. In this study, we used the polymerase chain reaction (PCR)-amplified fragment from the lambda control template fragment (Takara) as an external control gene to equalize hybridization signals generated from different samples.
We used full-length cDNA microarrays containing 7000 Arabidopsis full-length cDNAs (Seki et al., 2002b,c) . To assess the reproducibility of the microarray analysis, we repeated the experiments three times with independent microarray slides from the same biologic sample. To compare the data of various microarray experiments, we used plant materials grown under the same conditions (at 228C, under a 16-h light/8-h dark cycle; light period from 5:00 AM to 9:00 PM) and started various stress treatments at almost the same time (starting time of 9:00-10:00 AM). The results of hybridization of different microarrays with the same mRNA samples showed a good correlation (Tables S1-1  and 1-3) .
Comparison of RNA gel blot and cDNA microarray analysis
Figure 2(a) shows the time-course changes in the expression pattern of ca. 7000 Arabidopsis genes after drought treatments and rehydration treatments following a 2-h dehydration treatment. Many genes were shown to be induced by rehydration as well as by dehydration treatments. Bold lines reveal expression profiles of droughtinducible RD29A (Yamaguchi- Shinozaki and Shinozaki, 1993) (black) and D1-pyrroline-5-carboxylate synthetase (AtP5CS; Yoshiba et al., 1995) (blue) genes and a rehydration-inducible proline dehydrogenase (AtProDH; Kiyosue et al., 1996) (green) gene. We performed RNA gel blot analysis on AtP5CS, RD29A, and AtProDH genes to confirm the validity of the cDNA microarray analysis as described in Experimental procedures. Expression of AtP5CS and RD29A was upregulated after the 2-h dehydration treatment, while their expression was repressed by rehydration treatments. By contrast, expression of AtProDH was clearly induced by rehydration treatments, but it remained weak during the dehydration process. The expression profiles obtained by microarray analysis were in good agreement with those obtained by RNA gel blot analysis (Figure 2b ). This is consistent with our previous reports (Seki et al., 2001a-c) .
Classification of the genes on the basis of expression pattern in the recovery process from dehydration to rehydration
We regarded the genes with an expression ratio (dehydrated/untreated or rehydrated after 2-h dehydration/2-h dehydration) greater than five times that of the lambda control template DNA fragment, at least at one time-course point, as dehydration-or rehydration-inducible genes, respectively. We regarded the genes with an expression ratio 0.5 < ratio 2 2 that of the lambda control template DNA fragment, at all time-course points, as dehydration-or rehydration-invariable genes, respectively. We regarded the genes with an expression ratio less than a half of that of the lambda control template DNA fragment, at least at one time-course point, as genes repressed by dehydration or rehydration, respectively.
In this study, we identified 152 rehydration-inducible genes (Table S1 -1), 1625 rehydration-invariable genes Figure 1 . Changes in fresh weight and phenotype of the plants during the recovery process from dehydration to rehydration. (a) Changes in fresh weight of the plants during dehydration treatments (0.5, 1, 2, 5, and 10 h) are shown as red bar. Changes in fresh weight of the plants during the recovery process from dehydration (0.5, 1, and 2 h) to rehydration (0.5, 1, 2, 5, 10, and 24 h after 2-h dehydration) are shown as dark blue bar. Changes in fresh weight of the plants during the recovery process from dehydration (0.5, 1, 2, and 5 h) to rehydration (0.5, 1, 2, 5, 10, and 24 h after 5-h dehydration) are shown as light blue bar. The abscissa shows time after each treatment; the ordinate shows the fresh weight of the plants after each treatment. Means AE SE of three independent experiments are shown. (Table S1 -2), and 280 rehydration-repressed genes (Table S1-3; Figure 3 ). We also identified 270 dehydration-inducible genes (Table S2-1) , 2436 dehydration-invariable genes (Table S2 -2), and 168 dehydration-repressed genes (Table S2-3; Figure 3 ).
Based on Venn diagram analysis, we analyzed the specificity and cross-talk of gene expression between response to dehydration treatments and that to rehydration treatments. We classified them into nine groups by their gene expression pattern (Figure 3 ). On classification into nine groups, only the genes that were identified as inducible, invariable, or repressed in both dehydration and rehydration treatments were used. We have listed some typical genes in Figure 3 .
The 152 rehydration-inducible genes identified were classified into the following three groups according to their expression patterns in the dehydration process ( (Tables S3-1-3) . We identified 16 rehydration-and dehydration-inducible genes (Figure 4a ), including the lipid transfer protein (RAFL05-04-J20, At5g59320), pollen allergen homolog (RAFL06-12-F13, At3g45970), transport protein (RAFL05-09-N09, At2g22500), arabinogalactan protein (RAFL08-18-N19, At2g22470), and unknown protein (RAFL05-19-C02, At3g57520; Table S3-1). The expression of the dehydration-and rehydrationinducible genes was induced shortly after starting dehydration and rehydration treatments (Figure 4a ). We also identified 40 rehydration-inducible and dehydrationinvariable genes (Figure 4c ), such as glucose transporter protein (RAFL07-09-F22, At1g11260), MYB family transcription factor (RAFL08-15-B15, At4g37260), xylose isomerase (RAFL05-15-K08, At5g57655), glutamate dehydrogenase (RAFL04-15-O22, At5g07440), and beta-galactosidase (RAFL11-07-J10, At5g56870; Table S3 -2). We also identified 10 rehydration-inducible and dehydration-repressed genes (Figure 4b ), including the cell wall-related proteins, such as xyloglucan endo-1,4-beta-D-glucanase (RAFL11-07-H22, At2g06850), photosynthesis-related protein (RAFL02-10-I18, At2g34420), and unknown proteins (RAFL02-06-N10, At5g14920; RAFL05-01-A07, At3g15450; Table S3-3). Most of the dehydration-repressed and rehydration-inducible genes had an expression peak at 5-10 h after the start of rehydration treatment (Figure 4c ). The results of the microarray analysis were in good agreement with those obtained by RNA gel blot analysis (Figure 4a,b,c) .
The 1625 rehydration-invariable genes were classified into three subgroups based on the changes in gene expression in response to dehydration treatments (Figure 3) . We identified eight rehydration-invariable and dehydrationinducible (Table S3 -4), 1099 rehydration-and dehydration-invariable (Table S3 -5), and 64 rehydration-invariable and dehydration-repressed genes (Table S3-6).
The 280 rehydration-repressed genes were classified into three subgroups based on changes in gene expression in response to dehydration treatments. We identified 97 rehydration-repressed and dehydration-inducible genes, such as RD29A/COR78/LTI78, P5CS, KIN1, KIN2, COR15A, ERD7, ERD10 (Group II late-embryogenesis-abundant (LEA) protein), ERD14 (Group II LEA protein), RD17/COR47 (Group II LEA protein), RD20 (Ca 2þ -binding EF hand protein), RD28
(plasma membrane intrinsic protein), DREB2A, and galactinol synthase (RAFL08-08-L20, At1g56600) ( Figure 3 . Classification of the genes into nine groups by their expression pattern in the recovery process from dehydration to rehydration. We regarded the genes with an expression ratio (dehydrated/untreated or rehydrated after 2-h dehydration/2 h dehydrated) greater than five times that of the lambda control template DNA fragment, at least at one time-course point, as dehydration-or rehydration-inducible genes, respectively. We regarded the genes with an expression ratio 0.5 < ratio 2 2 that of the lambda control template DNA fragment, at all time-course points, as dehydration-or rehydration-invariable genes, respectively. We regarded the genes with an expression ratio less than a half that of the lambda control template DNA fragment, at least one time-course point, as dehydration-or rehydration-repressed genes, respectively. One hundred and fifty-two rehydration-inducible genes, 1625 rehydration-invariable genes, 280 rehydration-repressed genes, 270 dehydration-inducible genes, 2436 dehydration-invariable genes, and 168 dehydration-repressed genes were classified into the following nine groups: (i) dehydration-and rehydration-inducible genes; (ii) dehydration-invariable and rehydration-inducible genes; (iii) dehydrationrepressed and rehydration-inducible genes; (iv) dehydration-inducible and rehydration-invariable genes; (v) dehydration-and rehydration-invariable genes; (vi) dehydration-repressed and rehydration-invariable genes; (vii) dehydration-inducible and rehydration-repressed genes; (viii) dehydration-invariable and rehydration-repressed genes; (ix) dehydration-and rehydration-repressed genes. A list of the genes is available as supplementary materials (Tables S1-1 -3, 2-1-3, 3-1-9).
ß Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 868-887 evolving complex protein (RAFL05-17-G17, At4g21280), geranylgeranyl reductase (RAFL03-09-C14, At1g74470; Table S3 -9). Among the rehydration-repressed and dehydration-inducible genes, many drought-, cold-, and ABAinducible genes existed (Seki et al., 2002b,c) .
Characterization of the rehydration-inducible genes
We classified the 152 rehydration-inducible genes into various functional category groups (Table 1; Table S1 -1). Among them, there were 27 cell-wall-related proteins (corresponding to ca. 18% of all rehydration-inducible genes identified), such as xyloglucan endotransglycosylase (EXGT-A1, RAFL07-10-K05, At4g14130; RAFL04-09-O24, At4g30270; RAFL07-12-D17, At4g25810; RAFL11-11-H13, At4g03210), xylosidase (RAFL07-14-A07, At5g64570; RAF-L09-07-E15, At5g49360), xylose isomerase (RAFL05-15-K08, At5g57655), pectinesterase (RAFL09-13-I04, At5g66920; RAFL11-05-E14, At4g19420), and arabinogalactan protein (RAFL08-18-N19, At2g22470; RAFL09-10-C03, At5g44130). Interestingly, we also found two F-box proteins (RAFL05-10-O23, At1g23390; RAFL11-12-O18, At2g02870) that are targeted by ubiquitin-protein ligases (or E3s), which facilitate the transfer of ubiquitin.
We also analyzed the expression profiles in the recovery process during rehydration after a 5-h dehydration and analyzed the rehydration-inducible genes (Tables S6-1 and 6-2). Many rehydration-inducible genes identified by the rehydration treatment after a 2-h dehydration were also identified as rehydration-inducible genes in the rehydrated plants after a 5-h dehydration (Tables S6-3 and 6-4), suggesting that these genes are important during the rehydration process after dehydration.
Determination of proline contents during rehydration process
Many plants accumulate compatible osmolytes, such as proline (Pro), glycine betaine, or sugar alcohols, when they are subjected to osmotic stress (Delauney and Verma, 1993; Hellebust, 1976) . Among them, Pro is the most diversely used osmolyte accumulated under osmotic stress conditions in plants (Delauney and Verma, 1993; McCue and Hanson, 1990; Singh et al., 1972) . Also, it has been shown that the expression of AtProDH is induced not only by rehydration after dehydration and Pro (Kiyosue et al., 1996; Peng et al., 1996) , but also by hypoosmolarity (Nakashima et al., 1998) . These results indicate that Pro is a key molecule during the recovery process from dehydration to rehydration. Therefore, we determined the contents of Pro during the recovery process. Pro contents increased in response to dehydration treatment ( Figure 5 ). Pro content increased rapidly at 30 min and then decreased at 5 h after the start of rehydration treatment. These results were consistent with the results that the AtP5CS was expressed at 30 min after rehydration (Figure 2) , and that the AtProDH gene expression was increased at 2 h after rehydration (Figure 2 ; Table S1-1).
Promoter analysis of rehydration-inducible genes
The ACTCAT cis-acting element was identified by promoter analysis of AtProDH, as a cis-acting element that is involved in proline-and hypoosmotic stress-inducible gene expression (Satoh et al., 2002) . ACTCAT was the only known cisacting element involved in rehydration-, proline-and low osmolarity-inducible gene expression. Genes containing ACTCAT cis-acting element in the promoter regions were regarded as responding to low osmolarity as well as to proline treatment (Satoh et al., 2002) . We searched for the existence of ACTCAT cis-acting element observed in 1000-base pair (bp) regions upstream of the 5 0 -termini in the rehydration-inducible genes.
Among the 152 rehydration-inducible genes, 58 genes contain the ACTCAT cis-acting element in the promoter regions (Table 2 and Table S4 -1). The 58 genes belong to various functional category groups, such as transcription factor, protein kinase, lipid transfer protein, and LEA protein. We identified 85 Pro-inducible genes with expression ratios (Pro treatment/GM treatment) greater than 2.5 times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis ( Figure 6a ; Table S4-2; Satoh et al., 2002) . Venn diagram analysis showed that 22 genes (Figure 6a ; Tables S1-1 and 4-3) were identified as the genes induced by both rehydration (rehydration after 2-h dehydration) and proline treatments. Among the 22 genes, 11 genes (50%) contained ACTCAT cis-acting element in the promoter regions (B þ C in Table 2 and Table S4 -1).
We also identified 127 genes with an expression ratio (transfer to the plates containing water/untreated) greater than five times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Figure 6b ; Table S5-1; Seki et al., 2002b) . Venn diagram analysis showed that 51 genes (Figure 6b ; Tables S1-1 and 5-2) were identified as the genes induced by both rehydration (rehydration treatment after 2-h dehydration) and transfer to the plates containing water. Among the 51 genes, 22 genes (43%) contained ACTCAT cis-acting element in the promoter regions (B þ D in Table 2 and  Table S4 -1). In this study, we regarded the genes with expression ratios (rehydrated after 2-h dehydration/2-h dehydrated) greater than five times that of the lambda control template DNA fragment, at least at one time-course point, as rehydration-inducible genes.
b
In this study, we regarded the genes with expression ratios (rehydrated after 2-h dehydration/2-h dehydrated) less than a half that of the lambda control template DNA fragment, at least at one time-course point, as rehydration-downregulated genes.
c Some of these chlorophyll a/b-binding proteins and ribulose bisphosphate carboxylase proteins may derive from the same gene. It was difficult to classify these cDNAs into the independent cDNA groups. It is important to analyze rehydration-inducible genes not only to understand the molecular mechanisms of stress responses in higher plants, but also to improve the stress tolerance in crops by gene manipulation. In this study, we identified 152 rehydration-inducible genes. These rehydration-inducible genes can be classified into three major groups.
The first group consists of regulatory proteins, that is, protein factors involved in further regulation of signal transduction and gene expression that probably function in the recovery process from dehydration to rehydration. They are various transcription factors, protein kinases, protein phosphatases, and other signaling molecules, such as response regulator, calmodulin-like protein, and EFhand Ca 2þ -binding protein (Table 1; Table S1 -1). These regulatory proteins may function in regulating some rehydration-inducible genes. The second group consists of functional proteins involved in the recovery process from dehydration-induced damages. They are enzymes involved in osmoprotectant degradation, protein degradation, water channel protein, protease inhibitor, LEA protein, cytochrome P450, heat shock protein, detoxification enzyme, lipid transfer protein, and plant defense-related genes (Table 1; Table S1 -1). LEA proteins and heat shock proteins may function in protecting macromolecules, such as enzymes, protein complexes, and membranes. Water channel proteins and sugar transporters are thought to function in transport of water and sugars through plasma membranes and tonoplasts to adjust the osmotic pressure. Detoxification enzymes, such as peroxidase, are thought to be involved in protection of cells from active oxygen. Proteases are thought to be required for the turnover of proteins during the rehydration process and recycling of amino acids. F-box proteins may be involved in degradation of stress-related proteins. Protease inhibitors may perform a defensive role against the proteases. Lipid transfer proteins and lipase may have a function in the repair of stress-induced damages in membranes or changes in the lipid composition of membranes, perhaps to regulate the permeability to toxic ions and the fluidity of the membrane (Holmberg and Bü low, 1998; TorresSchumann et al., 1992) .
The third group consists of functional proteins involved in plant growth, such as photosynthesis-related genes, Figure 6 . Classification of the rehydration-, Pro-, or water-treatment (transfer to the plate containing water)-inducible genes identified by their expression patterns. (a) Classification of the rehydration-or Pro-inducible genes identified by their expression patterns. We identified 152 rehydration-inducible genes in this study and 85 proline-inducible genes with expression ratios (Pro treatment/GM treatment) greater than 2.5 times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Satoh et al., 2002) . These rehydration-or Pro-inducible genes identified were classified into three groups. (b) Classification of the rehydration-, or water-treatment-inducible genes identified by their expression pattern. We identified 152 rehydration-inducible genes in this study and 127 water-treatment-inducible genes with expression ratios (transfer to the plates containing water/untreated) greater than five times that of the lambda control template DNA fragment, in at least one time-course point, by cDNA microarray analysis (Seki et al., 2002b) . These rehydration-or water-treatment-inducible genes identified were classified into three groups. These represent the genes whose expression ratios (rehydration treatment after 2-h dehydration/2-h dehydration) are greater than five times that of the lambda control template DNA fragment, at least at one time-course point, expression ratios (Pro treatment/at least at one time-course point) are less than 2.5 times that of the lambda control template DNA fragment, GM treatment, by cDNA microarray analysis (Satoh et al., 2002) , and expression ratios (transfer to a plate containing water/untreated) are less than five times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Seki et al., 2002b) . These genes are shown as black color.
f These represent the genes whose expression ratios (rehydration treatment after 2-h dehydration/2-h dehydration) are greater than five times that of the lambda control template DNA fragment, at least at one time-course point, expression ratios (Pro treatment/GM treatment) are greater than 2.5 times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Satoh et al., 2002) and expression ratios (transfer to a plate containing water/untreated) are greater than five times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Seki et al., 2002b) . These genes are shown as blue color.
ß Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 868-887 membrane proteins and proteins involved in cellular and carbohydrate metabolism. After the drought stress is relieved, photosynthesis increases and superoxide radicals are again generated as a result of the leakage of electrons from PSI and Fd (Asada and Takahashi, 1987) . Membrane proteins are also important for the functionality of the photosynthetic apparatus. The functions of membrane proteins are influenced by the lipid matrix in which they are embedded, and changes in the physical properties of bulk membrane lipids can alter the behavior of integral membrane proteins. Lipase may be involved in this process (Navari-Izzo et al., 2000) . Interestingly, 27 cell-wall-related genes (corresponding to ca. 18% of all rehydration-inducible genes identified), such as xyloglucan endotransglycosylase, xylosidase, xylose isomerase, pectinesterase, and arabinogalactan protein, were identified as new rehydration-inducible genes (Table 1;  Table S1 -1). Among them, we found a gene (RAFL09-13-M13, At5g57560) showing sequence identity with the TCH4 gene (Xu et al., 1995) whose expression is upregulated in response to touch. At present, the functions of the rehydration-inducible cell-wall-related genes in the recovery process from dehydration to rehydration are not fully understood.
Various genes involved in the metabolism of plant hormones, such as ethylene-, jasmonic acid (JA)-, gibberellin-, and auxin-regulated genes, were identified as rehydrationinducible genes (Table 1; Table S1 -1), suggesting a link between ethylene, JA, gibberellin and auxin, and rehydration-signaling pathways. Also, pollen allergen homologs were identified as rehydration-inducible genes (Table 1;  Table S1 -1). We found two cytochrome P450 genes, which might function in ABA degradation (RAFL05-17-A13, At2g27690; RAFL09-13-J06, At5g45340). At present, the functions of these genes in the rehydration process are not fully understood. We also found many rehydrationinducible genes whose functions are unknown.
Rehydration-inducible genes can be classified into two groups by their expression profiles during rehydration treatment
The rehydration-inducible genes seem to be classified into at least two gene groups based on their expression profiles during rehydration treatments (Figure 7) . In one group (blue in Figure 7 ), gene expression was rapid and reached a maximum at 1 or 2 h after rehydration treatments. Among them, we found regulatory genes, such as WRKY family transcription factor (RAFL04-10-F17, At3g56400), zinc finger familytranscriptionfactor(RAFL08-10-O13,At3g55980),MYB family transcription factor (RAFL08-15-B15, At4g37260), protein phosphatase (RAFL07-10-A22, At1g68410), calmodulin-like protein (RAFL09-17-D19, At2g41410), and EFhand Ca 2þ -binding protein (RAFL09-10-L06, At4g27280). These genes probably function in regulation of signal g These represent the genes whose expression ratios (rehydration treatment after 2-h dehydration/2-h dehydration) are greater than five times that of the lambda control template DNA fragment, at least at one time-course point, expression ratios (Pro treatment/GM treatment) are greater than 2.5 times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Satoh et al., 2002) , and expression ratios (transfer to a plate containing water/untreated) are less than five times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Seki et al., 2002b) . These genes are shown as orange color.
h These represent the genes whose expression ratios (rehydration treatment after 2-h dehydration/2-h dehydration) are greater than five times that of the lambda control template DNA fragment, at least at one time-course point, expression ratios (Pro treatment/GM treatment) are less than 2.5 times that of the lambda control template DNA fragment, at least at one timecourse point, by cDNA microarray analysis (Satoh et al., 2002) and expression ratios (transfer to a plate containing water/untreated) are more than five times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Seki et al., 2002b) . These genes are shown as green color.
ß Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 868-887 transduction and gene expression. We also found LEA protein (RAFL05-09-G08, At3g15670), heat shock protein (RAFL09-06-L09, At3g12580), and lipid transfer protein (RAFL08-08-I08, At5g59310), which may function in recovery from dehydration-stress-induced damages in the recovery process from dehydration to rehydration. In the second group (green in Figure 7 ), gene expression increased slowly after rehydration treatment and reached a maximum at 5, 10, or 24 h. Among them, there are many genes encoding functional proteins involved in photosynthesis and cell growth, such as chlorophyll a/b-binding protein (RAFL06-14-A20, At3g47470), gibberellin-regulated protein (RAFL11-10-B10, At1g75750), cellular metabolismrelated protein (RAFL09-16-K24, At1g10070), and carbohydrate metabolism-related protein (RAFL11-07-J10, At5g56870). These proteins function in plant growth and photosynthesis after recovery from drought stress.
We think that the recovery from dehydration includes two steps (Figure 7 ). In the early process of rehydration from dehydration, rapidly expressed genes are thought to function in the release of cells from dehydration stress. These gene products may be involved in the degradation of osmoprotectants, such as proline and sugars, and proteins involved in stress tolerance. These rapidly expressed genes are induced not only by osmotic changes but also by accumulated proline. In the latter process of slow recovery from dehydration, rehydration-inducible gene products may function in cell growth and photosynthesis. These genes may be repressed by dehydration and released from the repression during the rehydration process.
Overlapping of one-third of the rehydration-inducible genes with water-treatment-inducible genes
We found that one-third of the rehydration-inducible genes were also induced by water treatment (Figure 6b) . Previously, we identified 127 water-treatment-inducible genes (Table S5 -1) whose expression levels are induced by transferring plants to a plate containing water using the cDNA microarray containing ca. 7000 Arabidopsis full-length cDNA clones (Seki et al., 2002b) . Comparison between the list of the rehydration-inducible genes and that of the 127 water-treatment-inducible genes showed that 51 genes (Tables S1-1 and 5-2) were induced by both rehydration Figure 7 . Diagrammatic summary of time course of changes in expression peak of the rehydration-inducible genes whose expression levels are increased during the rehydration process in Arabidopsis.
(a) The functional categories of the rehydrationinducible genes identified are shown with the passage of time (1, 2, 5, 10, and 24 h after rehydration treatment). The rehydration-inducible genes were also classified into two groups: (i) genes (blue) whose gene expression was rapid and reached a maximum at 1 or 2 h after rehydration treatments; and (ii) genes (green) whose gene expression increased after rehydration treatment and reached a maximum at 5, 10, or 24 h. (b) The recovery from dehydration includes two steps. In the early process of rehydration from dehydration, rapidly expressed genes are thought to function in the release of cells from dehydration stress. In the later slow recovery process from dehydration, rehydration-inducible gene products may function in cell growth and photosynthesis.
and water treatments (Figure 6b) . In other words, these 51 genes are induced in response to osmotic changes. These genes probably function in the adjustment of cellular osmotic conditions. They include genes encoding proline dehydrogenase (AtProDH/ERD5), xyloglucan endotransglycosylase (RAFL07-10-K05, At4g14130; RAFL04-09-O24, At4g30270), beta-galactosidase (RAFL11-07-J10, At5g56870), and pollen allergen homolog (RAFL04-09-M06, At3g45970). One hundred and one genes were induced by rehydration treatments after dehydration, but not by water treatment (transfer to a plate containing water). These genes probably function in the repair of drought-stress-induced damages. Among them, genes encoding LEA protein (RAFL05-09-G08, At3g15670), heat shock protein (RAFL05-16-L15, At5g56010), peroxidase (RAFL06-08-C18, At4g37520), lipid transfer protein (RAFL08-08-I08, At5g59310; RAFL05-04-J20, At5g59320), and xyloglucan endotransglycosylase (RAFL11-11-H13, At4g03210; RAFL08-17-A06, At2g06850; EXGT-A1) existed.
Many rehydration-inducible genes are induced by Pro
Among the 152 rehydration-inducible genes, we identified that 22 genes were Pro inducible (Figure 6a ). We have shown that the AtProDH gene is induced by Pro as well as by rehydration (Kiyosue et al., 1996) . Moreover, AtProDH is induced by hypoosmolarity (Nakashima et al., 1998) . Endogenous Pro is accumulated during dehydrated conditions. After rehydration, accumulated Pro may function in the induction of many genes.
Recently, we have identified 27 genes including the ACT-CAT sequence in their promoter regions. Twenty-one out of them are Pro-inducible genes (including AtProDH) with expression ratios (Pro treatment/GM treatment) greater than 1.8 times that of the lambda control template DNA fragment, at least at one time-course point, by cDNA microarray analysis (Satoh et al., 2002) . Among the 21 Pro-inducible genes, 13 genes were rehydration inducible (ratio > 3). These results show that the ACTCAT sequence is a major cis-acting element involved in Pro-and rehydration-inducible gene expression.
Pro is the most diversely used osmolyte accumulated under osmotic stress conditions in plants (Delauney and Verma, 1993; McCue and Hanson, 1990; Singh et al., 1972) . Pro is accumulated not only in plants but also in eubacteria, protozoa, marine invertebrates, and algae (Delauney and Verma, 1993; McCue and Hanson, 1990; Measures, 1975) . Pro has some significant roles as a sink of energy or reducing power (Walton et al., 1991) , a source of carbon and nitrogen compounds (Ahmad and Hellebust, 1988; Peng et al., 1996) and a hydroxyl radical scavenger (Smirnoff and Cumbes, 1989) , and also in protection of plasma membrane integrity (Mansour, 1998) in plants under osmotic stress. Also, Nanjo et al. (1999) demonstrated that overaccumulated Pro in AtProDH antisense transgenic plants conferred resistance to freezing and high salinity in plants. Furthermore, Satoh et al. (2002) identified 21 Pro-inducible genes by cDNA microarray analysis, suggesting that Pro functions as a signaling molecule during the rehydration process. The present data show that the Pro contents increased rapidly 30 min after rehydration, and then decreased ( Figure 5 ). This result also suggests that transiently increased Pro functions as a signaling molecule during the rehydration process. Recently, the increase in ploidy level, vacuolation, and altered accumulation of several different transcripts was reported in yeast Pro-overaccumulating mutants, supporting the involvement of Pro as a stress-related signaling molecule (Maggio et al., 2002) .
Promoter analysis of rehydration-inducible genes
Previously, we identified ACTCAT as a cis-acting element involved in Pro-and hypoosmotic stress-inducible gene expression (Satoh et al., 2002) . We searched for the existence of ACTCAT cis-acting element observed in 1000 bp regions upstream of the 5 0 -termini in the rehydration-inducible genes. We constructed a promoter database on ca. 14 000 RAFL cDNA clones (Seki et al., 2002a) . Among them, ca. 43% of the genes contain the ACTCAT element in the promoters. Among the 152 rehydration-inducible genes, we constructed a promoter database of 121 genes. Among the 121 genes, 58 genes (48%) contain the ACTCAT element in the promoter regions (Table 2 and Table S4 -1). The ACTCAT element was identified by the promoter analysis of AtProDH (Satoh et al., 2002) , whose gene expression reached a maximum at 5 h after the start of rehydration treatment (after 2-h dehydration). Therefore, we focused on 30 rehydration-inducible genes (Table S4 -5) whose gene expression reached a maximum at 5 h after the start of rehydration treatment among the 121 genes. Among the 30 genes, 19 genes (Table S4-6; 63%) contain the ACTCAT element in the promoters. These results suggest that the ACTCAT sequence is a major cis-acting element involved in rehydration-inducible gene expression. On the other hand, we identified 85 Pro-inducible genes with expression ratios (Pro treatment/GM treatment) greater than 2.5 times (Figure 6a ; Table S4 -2). Venn diagram analysis showed that 22 genes (Figure 6a ; Tables S1-1 and 4-3) were identified as the genes induced by both rehydration (rehydration after 2-h dehydration) and Pro treatments. Among the 22 genes, we found 11 genes (50%) containing the ACTCAT cis-acting element in their promoter regions (B þ C in Table 2 and  Table S4 -1). These results suggest that the ACTCAT sequence is also a cis-acting element involved in Pro-inducible gene expression. Among the 121 rehydration-inducible genes whose promoter information was obtained, 63 genes (52%) did not contain the ACTCAT element in the promoter regions. These results also suggest the existence ß Blackwell Publishing Ltd, The Plant Journal, (2003), 34, 868-887 of novel cis-acting DNA elements involved in rehydrationinducible gene expression. Some of the rehydration-inducible genes may be upregulated by the release from repression during dehydration stress conditions.
Most of the rehydration-downregulated genes are dehydration inducible Analysis of rehydration-downregulated genes, as well as of rehydration-upregulated genes, is important in understanding the molecular responses during the recovery process from dehydration to rehydration. In this study, we identified 280 rehydration-downregulated genes (Table S1 -3). Among the rehydration-downregulated genes, we found many drought-stress-inducible genes, such as RD29A, cor15A, kin1, kin2, RD17, ERD13, RD28, ERD4, RD20, ERD9, ERD7, and RD22. Interestingly, many of the DREB1A target genes (Jaglo-Ottosen et al., 1998; Kasuga et al., 1999; Liu et al., 1998; Seki et al., 2001a) were included in the rehydration-downregulated genes (Figure 3 ). This suggests that dehydration-inducible genes are repressed in the rehydration process, and that there may be both transcriptional and post-transcriptional regulatory systems in this regulation.
Conclusions and perspectives
In the present study, we applied the full-length cDNA microarray to identify genes that are induced during the rehydration process after dehydration stress, and to analyze expression profiles of gene expression in the recovery process from drought stress. We identified 152 rehydrationinducible genes. These genes can be classified into the following three major groups: (i) regulatory proteins involved in further regulation of signal transduction and gene expression; (ii) functional proteins involved in the recovery process from dehydration-stress-induced damages; and (iii) functional proteins involved in plant growth. Venn diagram analysis also showed that, among the rehydration-inducible genes, at least two gene groups, that is, genes functioning in adjustment of cellular osmotic conditions and those functioning in the repair of drought-stress-induced damages, exist, and that most of the rehydration-downregulated genes are dehydration inducible. Furthermore, promoter analysis suggested that the ACTCAT sequence is a major cis-acting element involved in rehydration-inducible gene expression, and that some novel cis-acting elements involved in rehydration-inducible gene expression existed.
Using our full-length cDNA microarray, it is easy to isolate full-length cDNAs for further functional analysis. Biochemical characteristics of the gene products are easily analyzed from the overexpression of full-length cDNAs in bacteria or yeast. Functions of the gene products in planta can be analyzed by the overexpression of full-length cDNAs in transgenic plants. We will apply the identified full-length cDNAs to the transgenic and biochemical analyses of the encoded proteins.
Experimental procedures
Plant materials, stress treatments, and RNA isolation Arabidopsis thaliana (Columbia ecotype) was germinated and grown in the plastic dishes (100 plants per plastic dish) containing the germination medium (GM containing Murashige and Skoog salts, 2% sucrose (WAKO, Osaka, Japan), and 0.9% Bacto-agar (Difco, Detroit, MI, USA)). To obtain uniform growth, they were vernalized at 48C for 4 days before growing and the position of the plastic dishes were sometimes changed during the culture. The plants were grown for 3 weeks in a growth chamber at 228C and 50-60% humidity under 16-h light/8-h dark. For dehydration treatments, the plants (FW: 1.5 g) were removed from the agar and dehydrated in plastic dishes with lid removed at 228C under dim light (0.7-0.8 mmol sec À1 m À2 ). For rehydration treatment after dehydration treatments, the plants (FW: 1.5 g) were dehydrated for 2 or 5 h in the same way as described above, 10 ml of water was then added to the plastic dishes, and the lid was put on. The plants were subjected to the treatments for various periods, and were then frozen in liquid nitrogen and stored at À808C for further analyses. Total RNA was prepared using TRIZOL Reagent (Life Technologies, Rockville, MD, USA), and mRNA was prepared using an mRNA isolation kit (Miltenyi Biotec, CA, USA).
Determination of fresh weight of the plants
Three-week-old plants (FW: 1.5 g) grown on agar plates were used. After dehydration and rehydration treatments, the surface of the plants was wiped with a paper towel (Kimwipe) to remove water. The fresh weight was then determined.
cDNA clones and cDNA microarray preparation
In the cDNA microarray analyses, we used ca. 7000 cDNA sequences representing RIKEN A. thaliana full-length (RAFL) cDNA clones (Seki et al., 2002a) isolated from full-length cDNA libraries (Seki et al., 1998 (Seki et al., , 2001b , the drought-and cold-inducible genes, responsive to dehydration (rd) and early responsive to dehydration (erd; Taji et al., 1999) . As external controls, PCRamplified fragment from lambda control template DNA fragment (TX803; Takara, Kyoto, Japan) was used. As negative controls, two DNAs derived from the mouse nicotinic acetylcholine receptor epsilon-subunit (nAChRE) gene and the mouse glucocorticoid receptor homolog gene were used. Preparation for the cDNA microarray was carried out as described by Seki et al. (2002b,c) . The RAFL cDNA clones whose full-length cDNA sequences have been determined by the Arabidopsis SSP sequencing consortium, which comprises the Salk Institute (principal investigator: Dr Joseph R. Ecker), the Stanford Genome Technology Center (principal investigator: Dr Ronald W. Davis), and the Plant Gene Expression Center (principal investigator: Dr Athanasios Theologis; SSP), are available from RIKEN Bioresource Center (Seki et al., 2002a) .
Microarray hybridization and scanning
Microarray hybridization and scanning were performed essentially as reported by Seki et al. (2002b,c) . cDNA microarrays were hybridized with Cy3 and Cy5 fluorescently labeled probe pairs of drought-treated plants plus unstressed plants for studying the expression profiles during the dehydration process and probe pairs of rehydrated plants after a 2-or 5-h dehydration treatment plus 2-or 5-h-dehydrated plants for studying the profiles in the rehydration process.
Data analysis
Data analysis was performed essentially as reported by Seki et al. (2002b,c) . The image analysis and signal quantification were performed with QuantArray version 2.0 (GSI Lumonics, Oxnard, CA, USA). In this study, we used the PCR-amplified treatment from the lambda control template DNA fragment (Takara) as an external control gene to equalize hybridization signals generated from different samples. Background fluorescence was calculated from the fluorescence signal of the negative control genes, the mouse nicotinic acetylcholine receptor epsilon-subunit (nAChRE) gene and the mouse glucocorticoid receptor homolog gene. Genes showing a signal value <1000 (which was typically two times the mean background value) in both Cy3 and Cy5 channels were not considered for the analyses. For identification of dehydration-or rehydration-repressed genes, only genes showing a signal value >10 000 in control samples (untreated samples or 2-h-dehydrated samples, respectively) were considered for the analysis. Gene-clustering analysis was performed with Genespring (Silicon Genetics, San Carlos, CA, USA).
RNA gel blot analysis
Isolated total RNA was also used for RNA gel blot hybridization. The isolated total RNA was denatured with a mixture of 2.15 M formaldehyde and 50% formamide, was then fractionated by electrophoresis on a 1.0% agarose gel that contained 2.2 M formaldehyde according to the protocol described earlier by Maniatis et al. (1982) , and was subsequently capillary-transferred to nylon membrane using 20Â SSC. The membrane was probed with DIGlabeled antisense RNAs prepared by in vitro transcription using an RNA transcription kit (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's protocol. The nylon membranes were washed two times with the mixture of 2Â SSC and 0.1% SDS for 5 min at room temperature, and then two times with the mixture of 0.1Â SSC and 0.1% SDS for 15 min at 688C, and was subjected to the detection of DIG-labeled RNA probes using the DIG chemiluminescent detection kit (Roche Molecular Biochemicals, Mannheim, Germany).
Free Pro determination
Three-week-old rosette leaves were ground with DL-Norleucine as an internal standard in distilled water. The homogenate was boiled for 6 min and was then centrifuged at 10 000 g for 15 min at 48C. The supernatant was precipitated with 8% (v/v) trichloroacetic acid (TCA) for 5 h and was centrifuged at 10 000 g for 20 min at 48C. The supernatant after TCA precipitation was derivatized as described by Cohen and Strydom (1988) , and free Pro content was determined by HPLC (TOHSOH, CO.LTD, Tokyo, Japan).
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